The genetic diversity of the genus Crotalaria is unknown even though many species in this genus are economically valuable. We report the first study in which polymorphic expressed sequence tag-simple sequence repeat (EST-SSR) markers derived from Medicago and soybean were used to assess the genetic diversity of the Crotalaria germplasm collection. This collection consisted of 26 accessions representing 4 morphologically characterized species. Phylogenetic analysis partitioned accessions into 4 main groups generally along species lines and revealed that 2 accessions were incorrectly identified as Crotalaria juncea and Crotalaria spectabilis instead of Crotalaria retusa. Morphological re-examination confirmed that these 2 accessions were misclassified during curation or conservation and were indeed C. retusa. Some amplicons from Crotalaria were sequenced and their sequences showed a high similarity (89% sequence identity) to Medicago truncatula from which the EST-SSR primers were designed; however, the SSRs were completely deleted in Crotalaria. Highly distinguishing markers or more sequences are required to further classify accessions within C. juncea.
Introduction
The genus Crotalaria, which belongs to the family Papilionaceae, the subfamily Papilionoideae, and the tribe Crotalarieae (van Wyk and Schutte 1995), contains approximately 550 species dispersed throughout the temperate, subtropical, and tropical regions of the world. They are used as a source of fibers, silage, and green manure for nitrogen fixation (Dempsey 1975; Ramos et al. 2001) ; as cover crops for control of weeds, nematodes, and soil erosion; and as ornamentals (Miller 1967) . Some Crotalaria species can be used as forage for horses and cattle owing to the large amounts of water-soluble gums and proteins in their seeds (Purseglove 1981; Pandey and Srivastava 1990) . Despite this commercial value, the genetic diversity of Crotalaria species germplasm has not been assessed.
Crotalaria juncea (haploid chromosome number x = 8), commonly called sunn hemp, and which originated in India (Purseglove 1981) , is a fast-growing, cross-pollinated, diploid species rich in stem and seed dietary fiber (Morris and Kays 2005) . Sunn hemp seeds contain various pyrrolizidine alkaloids such as junceine, riddelliine, senecionine, seneciphylline, and trichodesmine (Smith and Culvenor 1981) , which can be toxic to animals and birds when ingested in sufficient amounts (Purseglove 1981) . Additionally, Ji et al. (2005) analyzed sunn hemp seeds from 9 populations that originated in different parts of the world for several pyrrolizidine alkaloids and determined that these populations had small amounts of junceine and trichodesmine (measured pyrrolizidine alkaloids were 0.8 to 3.8 µmol/g). These values represented 1.4%-6.3% of the amount of alkaloids present in the seed of Crotalaria spectabilis Roth, a species known to be toxic to animals and birds. Furthermore, a recent study with chickens indicated that mortality rate was not affected by inclusion of sunn hemp seeds in the diet (Hess and Mosjidis, unpublished results), which supports the report that sunn hemp seeds were non-toxic to chicks when fed at 10 mg/g body mass (Williams and Molyneux 1987) .
Transferred SSR markers have been used for assessment of genetic diversity and examination of phylogenetic relationships of plant germplasm (Wang et al. 2004; Wang et al. 2005; Wang et al. 2006 ). We are not aware of any report, however, in which transferred expressed sequence tag simple sequence repeat (EST-SSR) markers were used to assess genetic diversity of Crotalaria germplasm, examine the phylogenetic relationships between Crotalaria species, and compare the sequence content of amplicons within and among Crotalaria species. The objectives of the study are, therefore, to assess the genetic diversity of the Crotalaria germplasm through phylogenetic analysis of EST-SSR markers, verify the species designation of each accession, and compare the sequence content of cross-species amplicons generated from the transferred EST-SSR markers.
Materials and methods
The Crotalaria germplasm collection is maintained by the United States Department of Agriculture, Agricultural Research Service (USDA-ARS), National Plant Germplasm System (NPGS), Plant Genetic Resources Conservation Unit (PGRCU) in Griffin, Ga. Twenty-six accessions (Table 1) were used in this experiment. Among them were 17 accessions from Crotalaria juncea L. (sunn hemp, crosspollinated species); 2 accessions from Crotalaria pallida Aiton (self-pollinated species); 3 accessions from Crotalaria retusa L. (self-pollinated species); and 4 accessions from Crotalaria spectabilis Roth (self-pollinated species). The samples were collected from leaf tissue of plants either grown in Auburn, Ala., or in Griffin, Ga. PI 189043 was collected from both locations (-1 from Auburn, Ala., and -2 from Griffin, Ga.) and used as an internal control for classification. PI 468956 is a cultivar, Crotalaria juncea L. DNA was extracted from leaf tissue using an EZNA plant DNA kit from Omega Bio-Tek (Doraville, Ga.) and diluted to 10 ng/µL for PCR. Fifty-eight EST-SSR primers (54 from Medicago truncatula and 4 from Glycine max (L.), Table 2 ) were used for screening polymorphisms. Methods used for the PCR cycling programs and product separation on agarose gels followed those described by Wang et al. (2005) .
Strong clear bands on the gel images were scored using bins and as either present (1) or absent (0). The data was entered into a binary matrix for analysis. A similarity matrix was created using the algorithm for generating a proportion of alleles shared matrix in MICROSAT (Minch et al. 1996 ; http://hpgl.stanford.edu/projects/microsat/microsat.html). One hundred bootstrap matrices were generated and a consensus tree was obtained using the neighbor-joining (NJ) and consense programs in the Phylip suite (version 3.6; Felsenstein 1993) . The trees were then viewed and printed using Treeview (Page 1996) . Macros were written in Excel (Microsoft, Redmond, Wash.), which generated a shared-distance matrix based on the proportion of alleles shared to verify tree consistency. The overall topology remained unchanged.
For sequencing cross-species amplicons, PCR products were checked on agarose gels. PCR products containing only a single band in the solution were digested with Exonuclease I (at a final concentration of 0.1 U/µL; catalogue No. 70073X, USB, Cleveland, Ohio) and dephosphorylated with Shrimp Alkaline Phosphatase (SAP; catalogue No. 70092, USB) at 37 ºC for 15 min and then at 80 ºC for 15 min to inactivate the enzymes. The treated PCR products were transferred into a spin column (Wizard minicolumns, PRA7211, Promega, Madison, Wis.) and centrifuged at 8900g for 1 min in an Eppendorf centrifuge 5415D. The collected solution was used as DNA template for the sequencing reaction. The amplicons were sequenced on an ABI PRISM ® 3100 Genetic Analyzer (Applied Biosystems, Foster City, Calif.) at the University of Georgia sequencing facility. To avoid sequencing errors, an amplicon was sequenced twice in both directions. The sequences were edited using the computer program DNA Star (http://www. dnastar.com). The DNA sequences were then aligned using the CLUSTAL method (in DNA Star).
Results and discussion

Phylogenetic analysis
Of the 58 sets of primers, 28 (48%, Table 1 ) generated polymorphic amplicons (DNA fragments or bands on agarose gels). Some primers generated multiple amplicons and some primers generated single amplicons (Fig. 1) . A total of 130 bands were detected with a mean number of 4.6 alleles/marker. These polymorphic primers (Table 1) were used to assess genetic diversity of 26 Crotalaria accessions. A dendrogram was generated based on these polymorphic banding patterns. The accessions were classified into 4 main groups (Fig. 2) , supported by strong nodes (86%-100%) (Fig. 2) . Group I (or C. pallida group) contained 2 accessions (PI 186304 and PI 198000) from C. pallida. Group II (or C. juncea group) contained 16 accessions (from PI 274948 to PI 250486), all of which were from C. juncea. Group III (or the C. retusa group) contained 5 accessions, 3 of which were from C. retusa, and 2 of which had been previously thought to belong to different species, 1 from C. spectabilis and 1 from C. juncea. Group IV (or the C. spectabilis group) contained 3 accessions, all of which were from C. spectabilis. Two derivatives (PI 189043-1 and PI 189043-2) from the same accession but that were requested from 2 different locations should be grouped together. They indeed grouped into a single internode (with a bootstrap value of 61, not shown in Fig. 2 ), but they were not identical. Overall, the dendrogram (Fig. 2) demonstrated that the genetic relatedness of C. juncea with C. retusa and C. spectabilis was much closer than that with C. pallida. Crotalaria retusa was also closely related to C. spectabilis.
Genetic variation among and within species
As seen from the dendrogram (Fig. 2) the groups (or clades) were species specific. Notice that a couple of species (labeled with a star) were apparently misclassified; however, upon further morphological re-examination, these were changed in accordance with the observations from the dendrogram. With the exception of C. pallida and accessions 337080 and 250486, each clade shared some 90% or more alleles. When compared outside their clades, this number dropped noticeably. Within species, 2 accessions (PI 186304 and PI 198000) from C. pallida were allocated to the same group (used as outgroup). However, these 2 accessions were very different genetically. Within the species C. juncea, most of the accessions could not be distinguished well because most of the bootstrap values were below 50%. Further distinguishing the accessions within C. juncea would require markers with a high distinguishing power or the sequencing of more amplicons. Interestingly, accession PI 189043 was clearly part of the C. retusa group, but this accession was also visibly separated from the other C. retusa accessions. Accession PI 322403 from C. spectabilis was also classified into the C. retusa group. However, this accession was very closely related to other C. retusa accessions (PI 186445, PI 247128 and PI 274951). For accessions within the species C. spectabilis, 3 accessions (feral, PI 217908 and PI 240413) were grouped together, but 2 accessions (PI 217908 and PI 240413) were more closely related to each other than to the feral plant.
Distinguishing power of transferred EST-SSR markers
Transferred EST-SSR markers from Medicago and soybean were better at detecting inter-specific rather than intraspecific polymorphism. This result was consistent with what was observed in the grass family (Wang et al. 2006) . Marker AW584539, for example, generated multiple amplicons (Fig. 1) that facilitated species identification, but only 2 accessions (PI 198000 and PI 186304) from the same species C. pallida could be distinguished by these amplicons. The band patterns of accessions PI 189043 and PI 322403 were different from their designated species. Subsequent morphological comparison confirmed that these 2 accessions were misnamed and should be included in the C. retusa group. n.a., not applicable. *Markers were used for characterization of sunn hemp germplasm. Table 2 (concluded).
Some primers generated multiple amplicons that could be easily used to distinguish different species, but they were not necessarily powerful in distinguishing different accessions within the same species. To a certain extent, it seemed that multiple amplicons generated from the same set of primers could be used as fingerprints to distinguish accessions from different species (Fig. 1) . However, the study showed that phylogenetic analysis of molecular data generated from EST-SSR markers was appropriate for determining the genetic diversity, taxonomy, and phylogeny (Avise 1994 ) of a Crotalaria collection.
Identification and reconfirmation of misnamed accessions
This study showed that phylogenetic analysis of molecular data can be effectively used to determine genetic variation as well as interspecific extant relationships. Accessions with a similar genetic composition can be classified into the same group. Similar phenotypes can usually be observed from accessions within the same group. The phylogenetic analysis suggests that accession PI 189043 should not be included in the species C. juncea and PI 322403 should not be included in the species C. spectabilis. Most likely these 2 accessions were misidentified during curation and conservation. Both of them were closely related to C. retusa. To confirm their genetic relationship with C. retusa, these 2 accessions and several others from C. juncea, C. spectabilis, and C. retusa were replanted in the greenhouse for morphological observation and comparison. At the young seedling stage the leaf-tip shapes of C. juncea, C. retusa, and C. spectabilis were pointed, spindle, and rounded, respectively (Fig. 3) . Typically, C. juncea seeds are large (6-7 mm long and 4-4.75 mm wide), contorted on one surface, dull to lustrous or dull glossy, grayish olive green to olive gray, light olive brown to bluish purple; C. spectabilis seeds are 4 -5 mm long and 2.75-3.25 mm wide, dull glossy to high glossy, moderate olive brown to blackish brown; and C. retusa seeds are the smallest of the 3 species (3.25-3.5 mm long and 2.75-3 mm wide, dark orange yellow to dark red brown (Miller 1967) . When comparing mature seeds, the seed size of C. juncea was bigger than C. spectabilis and had the seed colour of C. juncea was a lighter black. The seed color of Fig. 1 . Amplicons generated by PCR and separated by electrophoresis. Each well contains either 10 µL of molecular marker (100 bp ladder, 250 ng) or 12.5 µL of PCR products. The fragments were separated by electrophoresis on a 3% agarose gel. PCR products were generated with the primer pairs AW 584539 (upper panel) and AL 365892 (lower panel) from Medicago. Abbreviations used are as follows: Cj, Crotalaria juncea; Cp, Crotalaria pallida; Cr, Crotalaria retusa; Cs, Crotalaria spectabilis; bp, base pairs.
C. retusa was golden yellow and very different from the former 2 species (Fig. 3) . The plant morphology and seed shape of accessions PI 189043 and PI 322403 were more like C. retusa. Combining the genetic analysis and morphological comparison together, PI 189043 and PI 322403 were therefore reclassified as C. retusa.
Sequence comparison of amplicons generated from different species
Characterization and evaluation of plant germplasm from minor species by transferred EST-SSR markers from model species are mainly dependent on the phylogenetic relationship of the species, primer sequences, and the PCR conditions (PCR mixture and program) employed. At fixed PCR conditions, amplicons should be generated or not generated across species. Even though amplicons can be generated across species, it does not necessarily mean that the sequence content of amplicons from minor species and model species are similar or identical. Thus, since molecular characters were subjected to quantification under the hypothesis of monophy, the underlying molecular sequence had to be evaluated. To determine the sequence content, as an example, cross-species amplicons generated by EST-SSR marker AL365892 were sequenced. The size of cross-species amplicons was 183 bp. When these sequences were BLASTed against GenBank, the highest hit was a Medicago EST, AL365892, which contains SSRs and from which the primers used in this study were designed. In comparison with the original sequence from Medicago, all sequences were aligned, as shown in Fig. 4 . The primer sequences matched exactly (underlined sequences) and the sequence identity between Crotalaria and Medicago was also very high (89%); however, the repeat sequences (ATT) 8 were completely missing in Crotalaria (bold sequences). Our result was consistent with some wheat and maize amplicons generated from rice SSRs that did not contain expected SSRs (Chen et al. 2002) . In addition, there existed another 2 deletions (ATATTC and ATC, in italics) in the form of triple nucleotides. Interestingly, all of the deletions in this sequenced region were in the form of triple nucleotides. This Fig. 2 . Dendrogram of Crotalaria generated by neighbor-joining method. Bootstrapping was performed with 100 replicates and its value was labeled within each internode. The star represents the accessions misclassified by morphology during curation or conservation. Abbreviations used are the same as those in Fig. 1 . Scale bar represents coefficient similarity. might suggest that even though Crotalaria and Medicago diverged a long time ago, the functionality of this gene is conserved among species. Deletion and insertion around the microsatellite region has also been found in mammals. Expanded repeats in coding regions of genes are responsible for diseases such as Huntington's disease and the spinocerebellar ataxias (Zoghbi and Orr 2000) . Hammock and Young (2005) found that in the regulatory region of avpr1a, 360 bp in and around the microsatellite region was deleted in chimpanzees, although the flanking regions were >96% conserved in human and chimpanzees. Deleting and inserting the region containing microsatellites (or SSRs) might play an important role in speciation or gene functionality diversification during the evolutionary process.
The sequence content of amplicons from C. juncea and C. spectabilis were almost identical except for a few base 
